Leaves from 26 species with growth forms from annual herbs to trees were collected from open, intermediate, and shaded understory habitats in Mississippi and Kansas, USA. Leaf optical properties including reflectance, transmittance, and absorptance in visible and near infrared (NIR) wavelengths were measured along with leaf thickness and specific leaf mass (SLM). These leaf properties and internal light scattering have been reported to vary with light availability in studies that have focused on a limited number of species. Our objective was to determine whether these patterns in leaf optics and light availability were consistent when a greater number of species were evaluated. Leaf thickness and SLM varied by tenfold among species sampled, but within-habitat variance was high. Although there was a strong trend toward thicker leaves in open habitats, only SLM was significantly greater in open vs. understory habitats. In contrast, leaf optical properties were strikingly similar among habitats. Reflectance and reflectance/transmittance in the NIR were used to estimate internal light scattering and there were strong relationships (r 2 Ͼ 0.65) between these optical properties and leaf thickness. We concluded that leaf thickness, which did not vary consistently among habitats, was the best predictor of NIR reflectance and internal light scattering. However, because carbon allocation to leaves was lower in understory species (low SLM) yet gross optical properties were similar among all habitats, the energy investment by shade leaves required to achieve optical equivalence with sun leaves was lower. Differences in leaf longevity and growth form within a habitat may help explain the lack of consistent patterns in leaf optics as the number of species sampled increases.
Environmental effects on leaf optical properties have been of interest to plant ecologists for many years (Shull, 1929; Gates et al., 1965; Gausman and Allen,1973) , and surveys of interspecific variability in leaf optics have been completed for numerous species (e.g., Shull, 1929; Billings and Morris, 1951; Gausman et al., 1973; Lee and Graham, 1986) . Such comparisons often focused on strikingly different habitats, growth forms (Billings and Morris, 1951; Gates et al., 1965) or light environments (Lee et al., 1990) . Although comparisons of one or two species in contrasting habitats suggest that there may be marked differences in leaf optical properties, studies in the tropics that included multiple species from sun and deep shade habitats indicated a striking overall similarity in leaf optical properties (Lee and Graham, 1986) . This occurred despite a fourfold or greater difference in leaf thickness and threefold variation in pigment content among these tropical species (Lee et al., 1990) . The extent to which this convergence in leaf optical properties can be generalized to other regions remains in question.
Recently, there have been significant advances in our understanding of how light enters leaves, the attenuation of light as it passes through different cell layers, the gradients of light that result, light scattering within the leaf, and the reflection of light from leaves of C 3 species (Vogelmann, 1993; Vogelmann, Nishio, and Smith, 1996) . Studies documenting the function of epidermal cells in focusing light (Bone, Lee, and Norman, 1985; Myers, Vogelmann, and Bornman, 1994) , palisade cells as light 1 Manuscript received 24 June 1997; revision accepted 10 November 1997.
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pipes, and spongy mesophyll cells as efficient light scatterers have demonstrated the substantial influence that tissue differentiation and anatomical characteristics may have on leaf optics in individual species (Lee et al., 1990; Vogelmann and Martin, 1993) . However, surveys of leaf optical properties in a wide range of species from a variety of habitats are needed to more completely understand developmental influences on leaf optics and their adaptive role in the environment. The goal of our research was to elucidate general patterns in leaf optical properties by extending the large sample size studies of Lee and Graham (1986) from tropical forest plants to include species from temperate zone habitats. This extension resulted in an increase in the range of leaf thickness and specific leaf mass of plants sampled. We assessed differences in leaf optical properties among 26 species common to the central and southeastern United States. The habitats of these species differed strongly in light availability, and leaf thickness varied tenfold among species. For each species, we measured leaf reflectance, transmittance, and absorptance throughout the 400-850 nm wavelength range. Species were selected to include a variety of growth forms and leaf characteristics, although extreme environments such as deserts and alpine zones were not included. However, given the range in habitat types sampled, we expected leaf optical properties to differ generally among habitats, and overall interspecific differences to be large given the wide range in growth forms and light availability.
Because of the proposed adaptive significance of intraand interspecific differences in the degree of internal light scattering in leaves (Vogelmann and Martin, 1993; DeLucia et al., 1996) , we expected that leaves from lowlight habitats would scatter light very effectively, thus increasing photon absorption (Rühle and Wild, 1979) and resulting in high reflectance at near infrared (NIR) wavelengths that are weakly absorbed. We also predicted that NIR reflectance would be greater in thicker leaves because of the increased number of cell layers and interfaces between wet cell walls and intercellular air that cause internal reflections Allen, Gausman, and Richardson, 1970; Woolley, 1971; Sinclair, Schreiber, and Hoffer, 1973; Gausman et al., 1973) . Because thicker leaves are usually found in high-light environments (Esau, 1977) , these two predictions lead to opposing relationships. If both are correct, the net effect could be a weakening or elimination of the relationship between NIR reflectance and leaf thickness across a range of habitats.
MATERIALS AND METHODS
Species and habitats-Leaves from 20 taxonomic families were collected among habitats that varied from the white sand beach of Ship Island off the Mississippi Gulf Coast, to a dark understory in the DeSoto National Forest, Mississippi, to the Konza Prairie Research Natural Area in northeastern Kansas (Table 1) . Additional species were collected from open and understory areas in the woodlands of Stennis Space Center, near the Mississippi Gulf Coast. Although species were sampled across a wide range of habitats, we grouped them into three broad categories based on light availability. The open category included plants that were completely unshaded for at least 10 h/d during summer (14 species). Plants that were located in the shade beneath closed forest canopies were assigned to the understory category (seven species). The remaining species were completely unshaded for only portions of the day and were assigned to the intermediate category (five species). Midday sampling of photosynthetic photon flux density (PPFD) with a quantum sensor at these sites indicated that understory plants typically were exposed to Ͻ150 mol photons·m Within a collection site, the selection of species was limited to plants with leaves of sufficient size to cover the 1.65-cm 2 sample port of the integrating sphere (see below). Species having unusual epidermal characteristics such as dense pubescence also were avoided. At least five leaves of a given species were collected randomly from among several plants, sealed immediately in a plastic bag and placed atop ice in a dark, insulated container. This insured that the cool yet unfrozen leaves would not lose significant moisture or pigmentation during transport to the laboratory where optical properties were measured.
Leaf optical properties-Leaf reflectance and transmittance were measured throughout the 400-850 nm spectrum using a spectroradiometer coupled to an integrating sphere (models LI1800UW and LI1800-12S, LI-COR, Inc., Lincoln, Nebraska) and methods described earlier in detail (Daughtry, Ranson, and Biehl, 1989) . For each of five leaves per broad-leaved species, the adaxial surface was irradiated with the beam from a tungsten halogen lamp. Radiance reflected from the 1.65-cm 2 leaf area exposed to the sphere interior was transmitted to the spectroradiometer through optical fibers. Similar measurements were made for the intensity of stray light caused by imperfect collimation of the lamp beam, and for the radiance reflected from a white reference (BaSO 4 ) while the adaxial leaf surface faced the sphere interior. Spectral reflectance was computed by subtracting stray light intensity from the radiances reflected by the leaf and reference, then dividing leaf-reflected radiance by reference reflected radiance. This quantity was multiplied by 100 to yield units of percentage reflectance. Leaf transmittance was measured by illuminating the adaxial leaf surface such that light passed through the leaf into the integrating sphere. Radiance from the white reference was measured while the abaxial surface faced the sphere interior. Table 1 for key to species abbreviations. reflectance and transmittance were measured for five samples, each composed of 5-6 needles arranged in parallel across the port of the integrating sphere and spaced ϳ1 mm apart. The needles were scanned as above and then rescanned after they had been painted flat black to enable subtraction of light energy not intercepted by needle area (Daughtry, Ranson, and Biehl, 1989) . In all species, percentage leaf absorptance was computed as 100 Ϫ (reflectance ϩ transmittance). True spectral bandwidth produced by the 0.5-mm slitwidth of the monochromator was 4 nm. Data were recorded at 1-nm intervals throughout the 400-850 nm range.
After optical properties were measured, leaf thickness was measured for each leaf using a thickness gauge at five locations on the leaf lamina. The average of these five values was recorded as leaf thickness. Thickness of pine needles was measured similarly without regard to the exact cross-sectional dimension measured by the gauge. Specific leaf mass (SLM, dry mass per unit leaf area) was measured for all species but pine by drying a 4-cm 2 segment of leaf area prior to determining its mass. In the computation of SLM for pine, dry needle mass was divided by projected needle area as determined from total area according to the relationship in Johnson (1984) .
Statistical analysis-Summary statistics (means, standard deviations, and errors) were computed for leaf thickness, SLM, reflectance, transmittance, and absorptance. For each variable, values for the five replicate leaves were averaged to produce a mean for the species. Means and standard deviations were computed at each 1-nm wavelength interval for reflectance, transmittance, and absorptance to produce mean curves for each species. Subsequently, variables were averaged across all species or within each habitat class for trend evaluation. The significance (P Յ 0.05) of mean differences among habitat was determined by analysis of variance and the Student-Neuman-Keuls means test (Steel and Torrie, 1960 
RESULTS AND DISCUSSION
Among the 26 species sampled, leaf thickness varied more than tenfold from 0.14 mm in the open understory herb Ipomoea purpurea to 1.9 mm in the aquatic herb Typha latifolia (Fig. 1) . Similarly, specific leaf mass (SLM) varied from 2.1 mg/cm 2 in I. purpurea to 37.5 mg/cm 2 in Pinus palustris (Fig.1) . When species were grouped according to light environment, within-habitat variance in thickness was so great that average leaf thickness did not differ significantly among light environments (P ϭ 0.109), although a strong trend toward increased leaf thickness in the open habitat was noted. In contrast, average SLM for the open species was almost twice (P ϭ 0.014) that of the understory and intermediate groups (Fig.1) . The latter two groups of species did not differ appreciably in SLM.
When reflectance, transmittance, and absorptance were averaged across all 26 species (Fig. 2) the mean curves were typical of green leaves (Gates et al., 1965) and notable in their lack of variability. The low standard deviations of these means were quite striking given the broad habitat range and unusual anatomical characteristics of several of the species sampled. For example, Typha latifolia and Eichhornia crassipes are aquatic plants with large amounts of leaf aerenchyma tissue. Ipomoea stolonifera had both adaxial and abaxial palisade cell layers, perhaps in response to the high albedo of its sand dune habitat. Finally, Arundinaria gigantea is a C 4 plant with leaf anatomical properties distinct from the C 3 species. When species were grouped by light environment, there were no significant differences in optical properties among understory, intermediate, and open plants (Fig. 2,  insets) . For example, average absorptance in the visible spectrum (400-700 nm) was 87% in understory leaves vs. 83% in open species. Similarly, average reflectance in the NIR (750-850 nm) was 48% in understory leaves vs. 51% in the open species. Thus, for these temperate species, there were no marked overall differences in leaf optical properties between groups of sun and shade plants, similar to earlier conclusions for tropical species (Lee and Graham, 1986) .
The above conclusion, based on averages across sev- Table  1 for key to species abbreviations. eral species, does not preclude substantial differences in leaf optical properties between individual species. Average reflectance across all wavelengths was Ͼ10% higher in a species sampled from a high-albedo beach dune, I. stolonifera, compared with the thin-leaved understory tree Fagus grandifolia (Fig. 3) . At 550 nm, this difference was more than twofold. Overall transmittance was almost 2.5 times greater in I. purpurea (thinnest leaves) than in T. latifolia (thickest leaves; Figs. 1, 3) . Finally, overall absorptance was Ͼ10% higher in the evergreen Quercus virginiana compared with I. stolonifera (Fig. 3) . Interestingly, both of these species were found in highlight environments and had relatively thick leaves (Table  1 , Fig. 1 ).
Standard deviations of mean reflectance, transmittance, and absorptance indicated the wavebands in which optical properties were most variable among species (Fig. 4) . The wavelengths of maximum and minimum variability were similar for all optical parameters and did not differ [Vol. 85 AMERICAN JOURNAL OF BOTANY Fig. 4 . Spectral standard deviations for the mean reflectance, transmittance, and absorptance determined from all 26 species combined. Wavelengths of standard deviation maxima and minima are indicated on the curves. Fig. 5 . Relationship of reflectance, transmittance, and reflectance divided by transmittance (R/T) with leaf thickness at a minimally absorbed wavelength (850 nm). At wavelengths where absorption is minimal, reflectance, transmittance and their ratio provide relative indications of the intensity of internal light reflections. Each of the 26 data points represents the mean value (N ϭ 5 leaves) for a species. The cuvilinear fits assume that at zero leaf thickness, reflectance and R/T would be zero, and transmittance would be 100%. For reflectance and R/T, regression equations were of the form y ϭ ax b . The a coefficient was 55.7 and 1.42 for reflectance and R/T, respectively; the exponent b was 0.12 and 0.29, respectively. For transmittance, the regression equation was of the form y ϭ 1/(a ϩ bx 0.5 ϩ ce consistently among the light environments. In the visible spectrum, maximum variation occurred where chlorophyll absorbs weakly near 555 and 712-719 nm, and minimal variation occurred where pigments absorb strongly in the violet-blue spectrum and near 680 nm. Variability in the NIR was high for reflectance and transmittance but low for absorptance. Overall, such interspecific variability in leaf optical properties certainly may be important for biophysical (Gates,1980) and physiological processes (Vogelmann, 1993) . However, the lack of consistent differences among habitats (Fig. 2) suggests that even extreme gradients in light availability are not sufficient to drive the leaf optical properties of species from multiple families and growth forms toward convergence within habitats.
Throughout the 400-850 nm range for all species combined, leaf optical properties regressed strongly (r 2 Ͼ 0.5) only with leaf thickness at NIR (Ͼ750 nm) wavelengths (Fig. 5) . This relationship is explained primarily by the greater number of interfaces between wet cell walls and intercellular air in thicker leaves. Partial reflections caused by refractive index differences between these and other substances increase the probability that light will exit the leaf through the irradiated surface, and decrease the probability that light will pass completely through the leaf (for reviews see Sinclair, Schreiber, and Hoffer, 1973; Carter, 1991) . This occurs at wavelengths throughout the incident solar spectrum, but is most evident in the NIR where absorptance by pigments is minimal. Thus, the scattering coefficient or intensity within a leaf is approximated when reflectance is divided by transmittance in the NIR (Allen, Gausman, and Richardson, 1970) and corresponded strongly with leaf thickness (Fig. 5) .
Recent work has demonstrated that not all leaf mesophyll cell layers scatter light equally. In particular, palisade layers may act more as ''light pipes'' into the leaf, whereas spongy mesophyll layers may scatter light more effectively (Vogelmann et al., 1988; Vogelmann, 1993) . Nevertheless, NIR reflectance generally increases and transmittance decreases with an increase in leaf thickness (Gausman, Allen, and Cardenas, 1969; Gausman et al., Fig. 6 . Mean light scattering (reflectance/transmittance) per unit leaf mass (scattering efficiency) for species sampled in the understory, intermediate, and open habitats. Scattering efficiency was estimated by dividing the reflectance to transmittance ratio (R/T) at 850 nm, a dimensionless measure of scatter intensity, by the dry leaf mass, which covered the 1.65-cm 2 area of the integrating sphere sample port. This mass was determined by multiplying SLM (specific leaf mass) by 1.65 cm 2 , yielding units of milligrams. Means labeled by a different letter were statistically different (P ϭ 0.004) as determined by the StudentNeuman-Keuls means comparison test. 1970, 1973) . Although this relationship may not be evident over small thickness ranges (Gausman and Allen, 1973) , the wide range in leaf thickness in this study was sufficient to yield strong regressions with NIR reflectance and transmittance. This relationship remained significant (P Յ 0.05) even when species with unusual leaf anatomical properties (I. stolonifera, T. latifolia, Eichhornia crassipes, and the C 4 grass Arundinaria gigantea), were removed from the analysis (r 2 ϭ 0.36). In contrast, interspecific differences in SLM explained much less of the variation in NIR reflectance. Thus, it appears that leaf thickness is the primary factor affecting differences in internal light scattering in leaves regardless of the light levels in their respective habitats.
It is possible that internal light scattering was enhanced in thin shade leaves due to low-light-induced alterations in leaf anatomy (DeLucia et al., 1996) . Indeed, because shade leaves invested significantly less mass per unit leaf area (Fig. 1 ) while possessing gross optical properties similar to sun leaves (Fig. 2) , it is clear that scattering per unit leaf mass must be greater in shade leaves (Lee and Graham, 1986; Lee et al., 1990) . In fact, scattering efficiency (reflectance / transmittance per unit leaf dry mass) was significantly greater in understory and intermediate-light species than in open species (Fig. 6 ). Lee and Graham (1986) and Lee et al. (1990) concluded that although there was overall similarity in leaf optical properties in a large sample of sun vs. shade tropical species (N ϭ 25), the energy investment required by shade leaves to achieve this optical equivalence with sun leaves was much lower because shade leaves had lower SLM. We have extended this research with an additional 26 temperate species with greater variation in leaf thickness and SLM. Our results are consistent with those based on tropical species. There were no patterns in NIR reflectance, transmittance, or reflectance/transmittance that would indicate more internal scattering in shade species as a group compared with sun species. Leaf thickness, which did not vary consistently among light environments, appeared to be the best overall predictor of NIR reflectance, transmittance, and scattering intensity. Thus, even though pairwise comparisons of species from different habitats may show dramatic differences in leaf optical properties (Fig. 3) , when sample sizes are increased, habitat-related generalizations are difficult to make. In this study, overall patterns were evident only with respect to SLM and thus carbon allocation to shadevs. sun-adapted leaves. Differences in leaf longevity, plant growth form, and resource availability within a light environment may help explain the lack of consistent habitat-related patterns in leaf thickness and optical properties as sample sizes increase. It appears that these factors lead instead to an overall convergence in leaf optical properties among habitats.
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